Introduction
Hepcidin, a small peptide hormone produced and secreted by hepatocytes, is an important regulator of iron metabolism in vertebrates (1, 2) . Hepcidin binds to the only known iron exporter in vertebrates, ferroportin, and causes its internalization and ubiquitin-mediated (ubi-mediated) degradation (3) . The interaction between hepcidin and ferroportin regulates iron absorption by duodenal enterocytes, the recycling of iron by macrophages, and iron release by hepatocytes (1, 2) .
Hepcidin gene expression is induced by iron excess, lipopolysaccharide, inflammatory cytokines (e.g., IL-6), and BMPs and is decreased in response to hypoxia, iron deficiency, and acute blood loss (1, 4) . Previously identified stimuli that increase hepcidin biosynthesis activate either the BMP or the JAK/STAT3 signaling pathways (1, 2) . BMP ligands, especially BMP6, and the BMP coreceptor hemojuvelin "sense" serum iron levels (5-7). In iron-replete conditions, the BMP signaling pathway is activated in hepatocytes, leading to downstream SMAD1/5 phosphorylation and an increase in hepcidin gene expression (6) . Infections and other inflammatory stimuli (such as IL-6) activate the JAK/STAT3 pathway, which induces hepcidin gene transcription (8) (9) (10) .
Elevated hepcidin levels cause decreased iron absorption from the gastrointestinal tract and prevent the release of iron from hepatocytes and macrophages, resulting in hypoferremia (1) . Conversely, low hepcidin levels cause an increase in iron absorption from the gastrointestinal tract and promote iron release from iron stores, resulting in hyperferremia (1) . Persistent low hepcidin levels contribute to the development of iron overload in diseases such as hemochromatosis and β-thalassemia (1, 11, 12) . Current therapies to treat iron overload in these diseases include phlebotomy and/or iron chelation therapy (13, 14) . Phlebotomy prevents iron overload in patients with hemochromatosis but cannot be used to treat patients with β-thalassemia because it exacerbates chronic anemia. Although iron chelators prevent iron overload in patients with hemochromatosis and β-thalassemia, chelators have side effects, including hepatic and renal toxicity (15) . Although iron chelators will likely remain the mainstay of treatment for iron overload disorders, developing additional agents (such as hepcidin inducers or minihepcidins) to prevent iron overload might allow for iron chelators to be administered at lower doses or less frequently. Hence, there is a need to develop additional therapies for the treatment of iron overload disorders.
Iron homeostasis is tightly regulated by the membrane iron exporter ferroportin and its regulatory peptide hormone hepcidin. The hepcidin/ferroportin axis is considered a promising therapeutic target for the treatment of diseases of iron overload or deficiency. Here, we conducted a chemical screen in zebrafish to identify small molecules that decrease ferroportin protein levels. The chemical screen led to the identification of 3 steroid molecules, epitiostanol, progesterone, and mifepristone, which decrease ferroportin levels by increasing the biosynthesis of hepcidin. These hepcidin-inducing steroids (HISs) did not activate known hepcidin-inducing pathways, including the BMP and JAK/STAT3 pathways. Progesterone receptor membrane component-1 (PGRMC1) was required for HIS-dependent increases in hepcidin biosynthesis, as PGRMC1 depletion in cultured hepatoma cells and zebrafish blocked the ability of HISs to increase hepcidin mRNA levels. Neutralizing antibodies directed against PGRMC1 attenuated the ability of HISs to induce hepcidin gene expression. Inhibiting the kinases of the SRC family, which are downstream of PGRMC1, blocked the ability of HISs to increase hepcidin mRNA levels. Furthermore, HIS treatment increased hepcidin biosynthesis in mice and humans. Together, these data indicate that PGRMC1 regulates hepcidin gene expression through an evolutionarily conserved mechanism. These studies have identified drug candidates and potential therapeutic targets for the treatment of diseases of abnormal iron metabolism.
Results

A high-throughput chemical screen in zebrafish leads to the identification of small molecules that decrease ferroportin protein levels.
Ferroportin is the sole exporter of iron in vertebrates and thus has an important role in systemic iron homeostasis (1, 2) . To discover novel pathways important for the regulation of iron metabolism in vivo and new therapeutic targets for the treatment of iron overload There is considerable interest in developing therapies that increase hepcidin levels (and decrease iron levels) to treat iron overload (16) (17) (18) (19) . Synthetic hepcidin peptides decrease iron levels in mice and have been developed for the treatment of hemochromatosis, although they are not currently in clinical use (16, 18) . RNAi-based strategies have been used to increase hepcidin levels in mice by decreasing the expression of TMPRSS6, a negative regulator of hepcidin gene expression (19) . The administration of siRNAs directed against TMPRSS6 increased hepcidin levels and reduced iron overload in a mouse model of β-thalassemia (19) . Thus, modulating hepcidin levels may provide new therapeutic approaches for preventing iron overload in patients who may not tolerate traditional therapies.
To identify novel biological pathways important for the regulation of iron metabolism and discover potential drug candidates for the treatment of iron overload disorders, we performed a chemical screen in zebrafish to identify novel small molecules that could decrease ferroportin protein levels. Chemical libraries . Three-day-old embryos were treated with DMSO or 10 μM epitiostanol dissolved in DMSO for 12 hours and then fixed. Enhanced Prussian blue staining was then performed on each embryo. Arrows indicate iron deposition in the caudal hematopoietic tissue (original magnification, ×8 [E-H]). Iron staining was quantified by ImageJ based on the pixel intensity, as shown in I and described in the Methods. Results are expressed as mean ± SEM, *P < 0.001 ubi plus DMSO (n = 8), compared with wild-type plus DMSO (n = 8), wildtype plus epitiostanol (n = 14), or ubi plus epitiostanol (n = 13), ANOVA. (J) Chemical structure of some compounds that were tested in this screen. (K-P) Fluorescent microscopy (original magnification, ×4) of ferroportin transgenic fish treated with the steroid compounds listed in J. Three-day-old transgenic embryos were treated with vehicle (DMSO, n = 13), 10 μM epitiostanol dissolved in DMSO (n = 11), 10 μM mifepristone (n = 11), 10 μM progesterone (n = 9), or 10 μM dexamethasone (n = 13) for 12 hours, respectively. (P) The intensity of fluorescent staining was quantified for each treatment group and is further described in the Methods. Results are expressed as mean ± SEM, *P < 0.01, compared with the vehicle control, ANOVA. jci.org
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in the caudal hematopoietic tissue approximately 3 days after fertilization, as shown by whole-mount iron staining (Figure 1 , E and G). Treatment of transgenic fish with epitiostanol (10 μM) for 12 hours rescued the iron overload phenotype (Figure 1 , E-I).
Epitiostanol is structurally similar to other steroid hormones. To determine whether a broad spectrum of steroid molecules could decrease Fpn-GFP levels, transgenic zebrafish were exposed to other steroid molecules, including estrogen, testosterone, dexamethasone, progesterone, and mifepristone ( Figure 1 , J-O, and data not shown). Of all steroids tested, only progesterone and mifepristone reduced the GFP signal in the transgenic fish to an extent that was comparable to that seen with epitiostanol ( Figure  1 , K-P). Thus, a high-throughput chemical screen in zebrafish led to the identification of 3 structurally similar compounds that promote the degradation of ferroportin in vivo.
Epitiostanol, progesterone, and mifepristone increase hepcidin gene expression. Epitiostanol might decrease Fpn-GFP in transgenic zebrafish by decreasing ferroportin mRNA stability or by enhancing protein degradation. To consider the former possibildisorders, a chemical screen was performed in zebrafish to identify small molecules that induce ferroportin degradation. A transgenic zebrafish line was developed that expresses mouse ferroportin fused to GFP (Fpn-GFP) under the control of the zebrafish ubi promoter [Tg(ubi:Fpn-GFP)] ( Figure 1A ). Microscopic examination of transgenic embryos revealed that fluorescence localized to cell membranes throughout the embryo. Transgenic fish were arrayed in 96-well plates, and 3,120 bioactive small molecules from 2 libraries were screened to identify compounds that degrade Fpn-GFP. The degradation of Fpn-GFP was indicated by a loss of, or decrease in, green fluorescence. Epitiostanol was identified in this screen as a small molecule that decreased Fpn-GFP levels in transgenic zebrafish ( Figure 1B) . Confocal microscopy confirmed a decrease in Fpn-GFP levels from the cell membranes of transgenic zebrafish exposed to epitiostanol (Figure 1, C and D) .
To determine whether the apparent epitiostanol-induced loss of Fpn-GFP affected ferroportin activity, we performed iron staining in zebrafish to detect changes in systemic iron levels. The overexpression of ferroportin in transgenic fish caused iron overload Other steroid compounds that failed to reduce Fpn-GFP levels in zebrafish, including testosterone, dexamethasone, estrogen, and hydrocortisone, had no effect on hepcidin gene expression in HepG2 cells (Supplemental Figure 2) . Of the HISs, progesterone and mifepristone are well-characterized molecules in widespread clinical use. Therefore, progesterone and mifepristone were used for the subsequent experiments. To test whether the increase in hepcidin gene expression by HISs was dependent upon transcriptional activation, HepG2 cells were incubated with actinomycin D and then exposed to HISs. Actinomycin D treatment blocked the ability of the HISs to induce hepcidin gene expression ( Figure 2 , G and H), suggesting that HISs may increase hepcidin gene expression through transcriptional activation.
HIS-induced hepcidin gene expression is not mediated by BMP or JAK/STAT3 signaling pathways. Various stimuli increase hepcidin transcription through activation of either the BMP or the JAK/ STAT3 signaling pathways (1) . For example, iron activates the canonical BMP signaling pathway in hepatocytes, leading to phosphorylation of SMAD1/5 and an increase in hepcidin gene expresity, wild-type zebrafish embryos were treated with epitiostanol, and ferroportin mRNA levels were measured by quantitative RT-PCR (qPCR). Epitiostanol did not decrease ferroportin mRNA levels (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI83831DS1), suggesting that epitiostanol decreases ferroportin protein levels by a posttranscriptional mechanism. Because hepcidin binds to ferroportin and induces its degradation (3), we considered the possibility that epitiostanol, progesterone, and mifepristone induce hepcidin expression. Hepcidin gene expression was measured in wild-type zebrafish embryos exposed to each of the 3 steroids. Compared with treatment with vehicle alone, each steroid increased hepcidin gene expression in zebrafish (Figure 2 , A-C). To test whether the HISs epitiostanol, progesterone, and mifepristone had a similar effect on mammalian cells, additional studies were performed using the human hepatoma cell line HepG2. HepG2 cells were incubated with HISs at various time points. Epitiostanol maximally increased hepcidin mRNA levels after 24 hours, while progesterone and mifepristone maximally increased hepcidin gene expression after 8 hours (Figure 2 , D-F, and data not shown). the expression of luciferase (BRE-luc) (20) . Treatment with BMP6 increased Id1 promoter activity in HepG2 cells transfected with the BRE-luc construct but neither progesterone nor mifepristone increased Id1 promoter activity, confirming that neither compound activates the BMP signaling pathway in HepG2 cells ( Figure 3E ). The proximal promoter of the hepcidin gene contains both BMP-responsive elements and a STAT3-binding site (10, 21) . Consistent with the results reported by other investigators (22), we observed an increase in hepcidin promoter activity when HepG2 cells were transfected with a luciferase construct that contains 2.7 kb of the proximal hepcidin promoter (hepluc) and then treated with BMP6 or IL-6 (Figure 3 , F and G). In contrast, there was no increase in hepcidin promoter activity in hep-luc-transfected cells treated with HISs (Figure 3 , F and G). These results suggest that HISs do not increase hepcidin gene expression by activating BMP or JAK/STAT3 signaling and that HISs use a regulatory element that is outside the 2.7-kb proximal hepcidin promoter in the hep-luc construct to regulate the transcription of hepcidin.
To confirm the finding that HISs do not activate BMP or JAK/ STAT3 pathways in an in vivo system, zebrafish embryos were exposed to HISs and qPCR was performed to measure mRNA levels of the BMP downstream gene id1 and the Jak/Stat3 downstream gene liv1. There was no increase in id1 and liv1 gene expression in wild-type zebrafish embryos exposed to HISs compared with that in zebrafish embryos treated with vehicle alone (Figure 3 , H and I). These combined findings indicate that HISs regulate hepcidin gene expression by a signaling pathway that is distinct from the BMP and JAK/STAT3 pathways.
PGRMC1 is required by HISs to increase hepcidin biosynthesis. Both progesterone and the classical progesterone receptor antagonist mifepristone increased hepcidin gene expression in vitro and in vivo, suggesting that the progesterone (nuclear hormone) receptor is not the relevant target of these steroids (progesterone and mifepristone have opposite effects on the classical progesterone receptor). In addition, the HISs induced hepcidin in HepG2 cells, but the classical progesterone receptor was not expressed in HepG2 cells, as determined by quantitative PCR using specific TaqMan probes (data not shown), a finding which has also been reported by others (23) . Because the membrane-bound progesterone receptor PGRMC1 is expressed in HepG2 cells and zebrafish and is activated by progesterone (24, 25) , we considered the possibility that PGRMC1 might mediate the effects of HISs on hepcidin gene expression. To determine whether PGRMC1 is necessary for the hepcidin-inducing activity of HISs, PGRMC1 transcripts were depleted in HepG2 cells using siRNAs, and cells were then exposed to HISs. Successful knockdown of PGRMC1 transcripts in HepG2 cells treated with vehicle, HISs, BMP6, or IL-6 was confirmed by qPCR ( Figure 4 , A-C, and Supplemental Figure  3A ). Knockdown of PGRMC1 in HepG2 cells caused a significant reduction in HIS-induced hepcidin gene expression ( Figure 4D and Supplemental Figure 3B ). Depleting PGRMC1 in HepG2 cells did not alter the ability of either BMP6 or IL-6 to increase hepcidin gene expression ( Figure 4 , E and F), showing that the BMP and JAK/STAT3 signaling pathways function independently of PGRMC1 to regulate hepcidin gene transcription. In these experiments, cells were maintained in serum-free media for 52 hours prior to sample collection (see the Methods for full details). This duration of serum starvation was necessary to allow the cells time to fully recover after transfection with siRNA. The absence of sera did not appear to alter cell morphology or viability, as assessed by microscopy. In addition, these cells still maintained the ability to increase hepcidin gene expression in response to BMPs and IL-6, suggesting that, despite the absence of sera, the hepcidin-regulatory mechanisms remained intact.
As an alternate approach to assessing the role of PGRMC1 in the regulation of hepcidin gene expression by HISs, HepG2 cells were incubated with a polyclonal antibody directed against the extracellular domain of PGRMC1. Previous investigators used this antibody to block progesterone signaling through PGRMC1 (26) . Incubating HepG2 cells with an antibody directed against the extracellular domain of PGMRC1, but not a species-matched control IgG antibody, attenuated the ability of HISs to induce hepcidin gene expression in HepG2 cells ( Figure 4G and Supplemental Figure 3C ). In contrast, the PGRMC1-blocking antibody did not alter the ability of BMP6 and IL-6 to increase hepcidin biosynthesis ( Figure 4, H and I ). Note that in cells treated with either anti-PGRMC1 or isotype-matched antibody, the relative induction of hepcidin by HISs, BMP6, or IL-6 was decreased compared with the effects of these agonists on cells that were not exposed to antibodies. This difference is likely due to nonspecific blocking effects of the antibodies and/or differences in the length of serum deprivation prior to the addition of HISs, BMP6, or IL-6 between experiments (cells were serum starved for 18 hours for the antibody-blocking experiments and for 52 hours for the experiments with siRNAs, as described above and in the Methods). Pretreatment of HepG2 cells with anti-PGRMC1 antibodies specifically blocked the HIS-mediated, but not the BMP6-or IL-6-mediated, Figure 5 . Progesterone, but not BMP6 or IL-6, requires SFK activity to increase hepcidin gene expression. qPCR for hepcidin gene expression in HepG2 cells serum starved for 18 hours and then preincubated with the SFK inhibitor PP2 (10 μM) or control (DMSO) for 30 minutes and then exposed to (A) progesterone (30 μM for 8 hours), (B) BMP6 (20 ng/ml for 3 hours), or (C) IL-6 (100 ng/ml for 3 hours). # P < 0.001 compared with control treated cells exposed to vehicle, † P < 0.001 compared with control treated cells exposed to progesterone, 2-way ANOVA (n = 4 per group). All results expressed as mean ± SEM. jci.org Volume 126
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induction of hepcidin gene expression. These findings further demonstrate that HISs require PGRMC1 to regulate hepcidin gene expression. In addition, these studies again demonstrate that BMP6 and IL-6 regulate hepcidin biosynthesis by a mechanism that does not involve PGRMC1.
To determine the role of PGRMC1 in the HIS-mediated induction of hepcidin in vivo, pgrmc1 transcripts were depleted in zebrafish using antisense morpholino oligonucleotides, and zebrafish were then exposed to progesterone or mifepristone. Knockdown of pgrmc1 transcripts in zebrafish was confirmed using an antisense morpholino efficiency test (Figure 4 , J-L, and ref. 27 ). Knockdown of pgrmc1 in zebrafish blocked the ability of HISs to increase hepcidin gene expression ( Figure 4M and Supplemental Figure 3D ). These combined data indicate that PGRMC1 is required for HISmediated induction of hepcidin both in vitro and in vivo.
Inhibition of SRC family kinases abolishes the induction of hepcidin by HISs. PGRMC1 has been implicated in modulating the activity of different downstream signaling pathways, including the SRC family kinase (SFK), PKA, PI3 kinase, and PKC pathways (24, 28, 29) . Systematically testing each potential downstream pathway, using specific pharmacological inhibitors, demonstrated that the SFK pathway was required for the effects of HISs on hepcidin gene expression. Pretreatment of HepG2 cells with the SFK chemical inhibitor PP2 (30) blocked the ability of HISs, but not BMP6 or IL-6, to increase hepcidin biosynthesis ( Figure 5 and Supplemental Figures 4 and 5) . Interestingly, pretreatment of cells with inhibitors of the PI3 kinase pathway, including LY294002 or wortmannin, potentiated the induction of hepcidin by progesterone (Supplemental Figure  5 , B and C), raising the possibility that the PI3 kinase pathway might suppress the induction of hepcidin by HISs. Pretreatment of cells with PP3 (31), a negative control for PP2, did not block the ability of HISs to increase hepcidin gene expression (data not shown). These data further demonstrate that HISs induce hepcidin gene expression through a mechanism that is distinct from the previously identified hepcidin-regulatory mechanisms and that PGRMC1 and its downstream SFK signaling cascade are essential components of this pathway.
HISs increase hepcidin biosynthesis in mice and humans. We sought to determine whether the HIS-PGRMC1-mediated effects on hepcidin biosynthesis were conserved in mice. Mifepristone was more potent than progesterone in inducing hepcidin gene expression in zebrafish and HepG2 cells (data not shown). Therefore, to maximize the possibility of observing an effect of HISs on hepcidin biosynthesis in vivo, mifepristone was tested for its ability to increase hepatic hepcidin gene expression in mice. Tenweek-old C57BL/6 wild-type female mice were fed an iron-deficient diet for 14 days. Mifepristone or vehicle was subsequently administered by intraperitoneal injection. Mifepristone was not soluble in aqueous solution and, therefore, was dissolved in a nontoxic solution containing diethylene glycol monoethyl ether, Cremophor EL, and phosphate-buffered saline in a 1:1:3 ratio, as described by others (32) . Mice were sacrificed 10 hours after injection, and liver tissue was harvested. Hepcidin gene expression increased approximately 2.5-fold in the livers of mice injected with mifepristone compared with that in mice injected with vehicle alone (2.57 ± 0.31 vs. 0.96 ± 0.207, P < 0.05; Figure 6A ).
We next sought to determine whether HISs might increase hepcidin biosynthesis in humans. During the menstrual cycle, progesterone initiates the endometrial transition from the proliferative stage to the secretory stage, thereby establishing uterine receptivity for embryo implantation (33) . In addition to promoting embryo implantation, endogenous progesterone is also required to maintain a pregnancy. During in vitro fertilization with frozen embryo transfer (FET), exogenous progesterone is administered to prepare the endometrium for embryo implantation and to support early pregnancy (33) . For this procedure, women take estrogen orally twice daily, starting on the second day of their menstrual cycle. When the endometrium proliferates to a thickness of greater than 7 mm, exogenous progesterone (50 mg intramuscular injection daily) is administered until a negative pregnancy test is obtained or throughout the first 8 weeks of pregnancy. To investigate whether HISs increase hepcidin biosynthesis in humans, serum hepcidin levels were measured in 20 women who were given progesterone during in vitro fertilization with FET and did not become pregnant. Serum samples from nonpregnant patients were analyzed to exclude any confounding effects that human chorionic gonadotropin hormone (produced by the placenta after implantation) might have on endogenous progesterone synthesis or hepcidin biosynthesis. Blood samples were collected immediately prior to progesterone injection (day 1), on the day of FET (day 6 of progesterone treatment), and on day 15 of progesterone treatment. Prior to exogenous progesterone administration (day 1), the average serum progesterone level in these patients was 0.308 ng/ml, which increased to an average of 24.6 ng/ml on day 6 of progesterone treatment and to 30.25 ng/ml on day 15 of progesterone treatment (Supplemental Figure 6 ). Serum hepcidin levels increased after the administration of progesterone. There was nearly a 3-fold increase in serum hepcidin levels on day 6 of progesterone treatment and nearly a 2-fold increase in serum hepcidin levels on day 15 of progesterone treatment compared with samples collected prior to progesterone therapy (day 1) ( Figure  6B ). When serum hepcidin levels were measured in these patients using a different ELISA kit (Peninsula Laboratories), which has been used by several other investigators (formerly distributed by in yeast have not yet been fully elucidated (48) . Our findings now implicate PGRMC1 in iron homeostasis in vertebrates, with a specific role in regulating hepcidin gene expression. Although PGRMC1 regulates the activity of several signal transduction pathways, the PGRMC1-mediated induction of hepcidin appears to be dependent on SFK activity, but not PKA, PKC, or PI3 kinase signal transduction pathways. Although SFKs play a necessary role in the PGRMC1-mediated regulation of hepcidin biosynthesis, several important questions regarding PGRMC1/ hepcidin signaling remain to be elucidated. Foremost among these are questions regarding the signaling cascades that are downstream of the SFKs and the regulatory elements required by HISs to increase the transcription of hepcidin. The transcriptional effects of PGRMC1 can be mediated through tcf/lef transcription factors (49) . Thus, it will be interesting in the future to determine whether the induction of hepcidin gene expression by PGRMC1 is mediated by SFK-Tcf/Lef signaling.
In addition to the hepcidin-inducing effects of HISs in zebrafish and cultured human hepatocytes, these steroid hormones also increase hepcidin biosynthesis in mammals. When mifepristone was administered to mice there was an increase in hepatic hepcidin gene expression. In addition, serum hepcidin levels increased in women after they were given progesterone as part of a standard in vitro fertilization protocol. These findings suggest that HIS-mediated hepcidin induction is broadly conserved and physiologically relevant.
The kinetics of the PGRMC1-mediated regulation of hepcidin gene expression are somewhat different than those of the BMPmediated regulation of hepcidin biosynthesis. Other investigators have shown that the BMPs stimulate hepcidin gene expression in Hep3B cells within 1 hour and maximally induce hepcidin at 16 hours (50). Progesterone and mifepristone began to stimulate hepcidin gene expression somewhat later, within 4 hours (data not shown). The maximal induction of hepcidin by progesterone and mifepristone occurred at 12 hours, which is similar to the time required for the maximal induction of hepcidin by BMPs. It is unclear why the initial induction of hepcidin by HISs was slower than that of BMPs. It is possible that HISs cause a gradual accumulation of an intracellular second messenger or metabolite, which, after reaching a critical threshold level, triggers downstream signaling pathways that activate hepcidin gene transcription. Future studies to further elucidate the downstream signaling pathways mediated by HISs and PGRMC1 should provide important insights into the kinetics of this hepcidin-regulatory pathway. In addition, it is unclear why epitiostanol maximally induced hepcidin at a later time point than either progesterone or mifepristone. One possible explanation for this finding is that epitiostanol may need to be converted into an active metabolite before it can activate the PGRMC1/hepcidin pathway.
Sex hormones have been previously implicated in the regulation of hepcidin biosynthesis. Estrogen was found to increase hepcidin gene expression in some studies but decrease hepcidin levels in others (51) (52) (53) . We observed that in HepG2 cells estrogen caused a modest increase in hepcidin gene expression that failed to reach statistical significance (although our study may have been underpowered to observe a significant change in hepcidin levels). Given that other investigators have also observed an increase in Bachem and now distributed by Peninsula Laboratories), similar results were obtained (Supplemental Figure 7 and refs. 34-37) . These results indicate that HISs can increase hepcidin biosynthesis in humans as well as mice and zebrafish. These results suggest that the HIS-PGRMC1-mediated regulation of hepcidin is evolutionarily conserved.
Discussion
The hepcidin-ferroportin axis is the central regulator of iron homeostasis in vertebrates (1, 2) . Perturbations in hepcidin-ferroportin signaling can cause profound shifts in iron levels associated with anemia or hemochromatosis. For this reason, there has been great interest in elucidating the mechanisms that regulate hepcidin-ferroportin signaling and discovering potential pharmacological targets that modulate this axis to treat diseases of abnormal iron metabolism.
The majority of stimuli that increase hepcidin biosynthesis, including increased serum iron and inflammation, do so by activating either the BMP signaling pathway or the JAK/STAT3 pathway. Protein and small-molecule antagonists of the BMP signaling pathway can decrease hepcidin levels and improve anemia in mouse models of the anemia of inflammation (AI) (38) (39) (40) . These studies demonstrate that the BMP signaling pathway can be modulated by small molecules to decrease hepcidin levels and improve anemia in patients with AI. Small molecules capable of inducing hepcidin could also be of great therapeutic benefit to patients with hemochromatosis or other disorders complicated by iron overload, such as β-thalassemia. Unfortunately, there has been limited progress in identifying small molecules that increase hepcidin biosynthesis.
By using a phenotype-based chemical screen in zebrafish, we identified a pathway that regulates hepcidin biosynthesis independent of the BMP and JAK/STAT3 pathways. The steroid molecules identified in this screen decrease Fpn-GFP levels by increasing the biosynthesis of hepcidin. HISs increase hepcidin levels by a mechanism that requires a membrane-bound progesterone receptor, PGRMC1. Depletion of PGRMC1 in HepG2 cells and zebrafish abrogated the induction of hepcidin by HISs. In addition, polyclonal antibodies directed against the extracellular domain of PGRMC1 blocked the ability of HISs to increase hepcidin biosynthesis in HepG2 cells.
PGRMC1 has been implicated in a variety of biological processes, but its in vivo functions are poorly understood (25) . PGRMC1 was initially identified via biochemical purification of a membrane-bound progesterone receptor from porcine liver microsomes (41) . PGRMC1 contains a single transmembrane domain and heme-binding site (24, 25, 42) and has been shown to mediate rapid noncanonical progesterone signaling (43) . In vitro cell culture data suggest that PGRMC1 promotes cell survival and that PGRMC1 is required for the antiapoptotic effect of progesterone in human granulosa cells (44, 45) . In addition, PGRMC1 serves as a necessary cofactor for P450 proteins to synthesize cholesterol (46, 47) . Studies in yeast indicate that the yeast ortholog of PGRMC1, damage-associated protein-1 (Dap1), has an important role in iron metabolism (48) . Yeast deficient in Dap1 manifest impaired growth on iron-deficient media, although the mechanisms by which Dap1/PGRMC1 regulates iron metabolism jci.org Volume 126 Number 1 January 2016 these types of drugs might allow for chelators to be administered less frequently or at lower doses. The finding that two widely prescribed medicines, progesterone and mifepristone, increase hepcidin biosynthesis raises the possibility of using these medicines for the treatment of iron overload diseases. Progesterone has been used for several decades as a contraceptive agent and for hormone replacement therapy. Synthetic progesterone analogs, when used for contraception or hormone replacement therapy, are administered at doses ranging from 2.5 mg to 100 mg per day (60) . These doses are similar to the dose of progesterone administered to women undergoing in vitro fertilization (50 mg daily), during which we observed an increase in serum hepcidin levels. Long-term treatment with progesterone can cause side effects, including depression, fatigue, and peripheral edema (60) . Mifepristone has been used as a medicinal abortifacient but is also administered chronically for the treatment of Cushing's syndrome (61) . Patients with Cushing's syndrome are treated with mifepristone at doses as high as 1,200 mg per day, which is the equivalent of approximately 10 to 15 mg/kg per day. Mifepristone's side effect profile includes fatigue, nausea, and hypokalemia. The dose of mifepristone administered for Cushing's disease is approximately 10 times lower than the dose we administered to mice (100 mg/kg). Future studies will be needed to determine whether mifepristone increases serum hepcidin levels in humans at these lower doses. Future studies will also be needed to address whether chronic treatment with progesterone or mifepristone can prevent iron overload in iron overload disorders and whether the side effect profiles of these drugs are acceptable in this patient population.
In summary, we describe the identification of several HISs that regulate hepcidin biosynthesis in vertebrates from zebrafish to humans. Surprisingly, we found that they do not function via known hepcidin-regulatory pathways. Rather, they regulate hepcidin expression through what we believe to be a novel pathway involving PGRMC1 and SFKs. Our findings provide insights into the regulation of iron homeostasis and also identify potential therapeutic targets and drug candidates for the treatment of iron overload disorders.
Methods
Reagents Progesterone, mifepristone, estradiol, testosterone, dexamethasone, and hydrocortisone were purchased from Sigma-Aldrich and dissolved in ethanol for experiments in HepG2 cells and zebrafish. Epitiostanol was purchased from Prestwick Chemical and dissolved in DMSO for experiments in HepG2 cells and zebrafish. PP2, PP3, G06983, LY294002, Wortmannin, and KT5720 were purchased from Tocris Bioscience and dissolved in DMSO for all experiments. Human BMP6 and IL-6 were purchased from R&D Systems.
Plasmid design, mRNA synthesis, and microinjection of zebrafish The construct for generating Tg(ubi:Fpn-GFP) zebrafish was engineered by ligating DNA containing the zebrafish ubi promoter upstream of DNA encoding murine ferroportin (Fpn) fused to GFP into the pDestTol2pA2 destination vector from the Tol2kit (Invitrogen) using the gateway strategy. The plasmid encoding Fpn-GFP was a gift from Jerry Kaplan (University of Utah, Salt hepcidin levels in response to estrogen, it is likely that estrogen is a modest hepcidin inducer. Testosterone has also been shown to regulate hepcidin biosynthesis. Several studies have demonstrated that testosterone causes a decrease in hepcidin levels (54, 55) . The downregulation of hepcidin gene expression by testosterone appears to be due to multiple factors, including testosterone's stimulatory effect on erythropoiesis, modulation of BMP signaling by the androgen receptor, and alterations in epidermal growth factor receptor signaling (54, 55) . We did not observe an effect of testosterone on hepcidin gene expression in vitro, but the previously mentioned studies primarily assessed the effect of testosterone on hepcidin biosynthesis in vivo or used different experimental conditions in vitro than those used in this study.
The HISs identified in our study do not appear to share a unique chemical structure that would explain why they, as opposed to other steroid molecules, cause a robust increase in hepcidin gene expression. Epitiostanol, progesterone, and mifepristone are similar to other sex steroid hormones in their chemical structure and use cholesterol as a core structural backbone. Structure-activity relationship assays may help to provide insights into the chemical components unique to HISs that may mediate their hepcidin-inducing activity.
Two outstanding questions are what physiological role PGRMC1 may play in normal iron homeostasis and how this hepcidin-regulatory pathway might contribute to the observed differences in iron homeostasis between males and females. Other investigators have shown that hepcidin levels are higher in female rats and mice when compared with those in males (56) . Perhaps progesterone (in addition to other factors) might account for the higher hepcidin levels observed in females in these studies. However, in contrast to studies in rodents, human serum hepcidin levels appear to be lower in women of certain age groups when compared with those in men and higher in other age groups (57, 58) . How the PGRMC1-hepcidin axis might contribute to the differences in hepcidin levels between men and women in these studies is unclear and warrants further investigation. The observation that progesterone increases hepcidin levels in humans raises the possibility that serum hepcidin levels may increase during high-progesterone states, such as during specific days in a woman's menstrual cycle. Given that the progestational hormone progesterone is also elevated during early pregnancy, it is tempting to speculate about a physiological role for progesterone in regulating serum hepcidin levels during pregnancy. It has been shown that hepcidin levels are highest early in pregnancy and diminish throughout the course of pregnancy (59) . PGRMC1 may also serve as a receptor for other endogenous or exogenous ligands besides progesterone, thereby functioning as a node for connecting metabolic requirements and iron availability. Additional studies will be needed to address the physiological role of the PGRMC1 pathway in regulation of hepcidin biosynthesis.
Several groups have demonstrated that increasing hepcidin levels in mice can decrease iron overload in mouse models of β-thalassemia and hemochromatosis, suggesting that hepcidininducing agents may be useful in the treatment of iron overload diseases (16, 18, 19) . Although chelation therapy will likely remain the mainstay of treatment for patients with iron overload disorders, additional therapeutic agents that increase hepcidin levels, such as HISs, may play an important role in maintenance therapy by limiting further iron accumulation. In addition, the use of jci.org Volume 126 Number 1 January 2016
Morpholinos
The antisense morpholino oligonucleotides used to inhibit the translation of pgrmc1 were designed and synthesized by Gene Tools LLC (pgrmc1 morpholino oligonucleotides). Standard 25-N antisense morpholino oligonucleotides, used as control morpholinos, were also purchased from Gene Tools LLC (25-N morpholino oligonucleotides).
Microscopy
For live imaging, transgenic embryos were mounted with low-melting-point agarose at the desired stages. GFP fluorescence images were acquired by a Zeiss Discovery V8 fluorescent stereo microscope (×4) and a Zeiss LSM 700 confocal microscope (×40, water immersion). For iron staining, embryos were mounted with glycerol, and the images were obtained using the Leica WILD M10 stereo microscope using SPOT Advanced software. Quantification of iron staining and GFP fluorescence was based on pixel intensity, as measured by ImageJ software.
Cells and media
Human hepatoma cells (HepG2 cells) were obtained from SigmaAldrich and cultured in Eagle's Minimum Essential Medium (EMEM) supplemented with 10% fetal bovine serum, penicillin, streptomycin, and l-glutamine.
Depletion of PGRMC1 transcripts in HepG2 cells
HepG2 cells were transfected with SMARTpool ON-TARGET plus (GE Dharmacon) siRNAs directed against human PGRMC1 (30 nM) using Lipofectamine RNAi-MAX (Invitrogen). As a negative control, cells were transfected with ON-TARGET plus (GE Dharmacon) nontargeting pool siRNAs (30 nM). Twenty-four hours after transfection, the media were replaced with serum-free EMEM. Cells were harvested 52 hours after the addition of serum-free media. Cells were exposed to progesterone (30 μM) or mifepristone (30 μM) 12 hours prior to sample collection, epitiostanol (30 M) 24 hours prior to sample collection, BMP6 (20 ng/ml; R&D Systems) 3 hours prior to sample collection, or IL-6 (100 ng/ml; R&D Systems) 3 hours prior to sample collection.
Antibody blockade of PGRMC1 in HepG2 cells
HepG2 cells were incubated in serum-free EMEM, and, 18 hours later, cells were treated with polyclonal antibody directed against the extracellular domain of PGRMC1 (H-46, sc-98680, Santa Cruz) at a final concentration of 10 μg/ml for 4 hours or isotype-matched, rabbit IgG (sc-2027, Santa Cruz) at the same final concentration. Cells were then exposed to progesterone (30 μM) or mifepristone (30 μM) 8 hours prior to sample collection, to BMP6 (20 ng/ml) 3 hours prior to sample collection, or to IL-6 (100 ng/ml) 3 hours prior to sample collection.
Quantitative real-time PCR analysis
Zebrafish. Zebrafish total RNA was extracted from embryos using the RNeasy Mini Kit (Qiagen). First-strand cDNA was synthesized by reverse transcription from total RNA using the QuantiTech Reverse Transcription Kit (Qiagen). For qPCR analysis, the ABI Fast SYBR Green Master Mix and 7500 fast PCR machine were used for the amplification and quantification of transcripts. Relative expression of target transcripts was normalized to gapdh mRNA levels using the relative C T method. All results were compared with those in fish treated with vehicle control. The primer sequences used for qPCR are as follows: hepcidin-F, CTGGCTGCTGTCLake City, Utah, USA), and the Tol2-cloning plasmid was a gift from Caroline Burns (Massachusetts General Hospital). The primers used to amplify the Fpn-GFP cDNA were, FpnGFPattB1F, GGGGACAAGT T TGTACAAAAAAGCAGGCTGTCGCCAC -CATGACCAAGGCAAGAGATC, and FpnGFPattB2R, GGGGAC-CACT T TGTACAAGAAAGCTGGGT T TACT TGTACAGCTC-GTCC. The 5′ entry clone containing the ubi promoter sequence was provided by Leonard Zon (Boston Children's Hospital, Boston, Massachusetts, USA). The pgrmc1-5′ UTR-EGFP construct used for the antisense morpholino efficiency test was generated by subcloning the 5′ UTR and partial coding sequence of zebrafish pgrmc1 into pEGFP-N3 (Clonetech). The primer sequences used to amplify the 5′ UTR and partial coding sequence of zebrafish pgrmc1 were, forward, CGGAATTCAGAATCGAAATGGCTGAAG, and reverse, GGGGTACCGTATCCTTCTTTTTGTCCTTGAC. Tol2 mRNA was synthesized by using an mMESSAGE mMACHINE Kit (Ambion) as previously described (62) . For generation of transgenic zebrafish, the plasmids were injected into the cytoplasm of zebrafish embryos at the 1-cell stage along with tol2 transposase mRNA. For the morpholino efficiency tests, plasmids were injected into the cytoplasm of zebrafish embryos at the 1-cell stage together with morpholino oligonucleotides. 
Measurement of fluorescent intensity in transgenic zebrafish embryos
Fluorescence intensity was measured in whole fish by orienting embryos with the head to the left and acquiring images at ×4 magnification. An exact area of 1,388 × 1,040 pixels was captured for each image.
Whole-mount zebrafish iron staining and quantification of iron staining DAB-enhanced iron staining was performed on 4-day-old Tg(ubi:Fpn-GFP) embryos after fixation with 4% PFA and dehydration with methanol as previously described (63) . Prior to staining, PFA-fixed zebrafish embryos were bleached by using a buffer containing 0.8% KOH, 9% H 2 O 2 , and 0.1% Tween 20. Iron staining was quantified by measuring the intensity of Prussian blue staining in the caudal hematopoietic tissue of each fish. To ensure that the same region was measured in each fish, all embryos were oriented with the head to the left, and images were acquired using the same magnification (×8). Pixel intensity was measured within a region of interest measuring 1,600 × 1,200 pixels, extending from the beginning of the caudal hematopoietic tissue near the cloaca to the end of the tail fin. jci.org Volume 126 Number 1 January 2016
Mice Ten-week-old female mice were fed an iron-deficient diet (2-5 ppm iron, Teklad diet TD.80396, Harlan Laboratories) for 14 days prior to injection with vehicle or mifepristone. Mifepristone was diluted in a solution containing diethylene glycol monoethyl ether (SigmaAldrich), Cremophor EL (Fluka Biochemka), and phosphate-buffered saline in a 1:1:3 ratio. Mice received an intraperitoneal injection of either mifepristone (100 mg/kg) or vehicle alone, and liver tissue was harvested for RNA extraction 10 hours later.
Serum hepcidin measurements
Serum samples were prepared from peripheral blood and stored at -80°C until assayed. Levels of hepcidin-25 in human serum samples were measured using a competitive ELISA from either DRG International Inc. (EIA-5258) or Peninsula Laboratories International (S-1337.0001, formerly distributed by Bachem) according to the manufacturers' protocol. All samples were tested in duplicate, and the level of hepcidin was determined by comparison to dilutions of recombinant protein standards. Intra-assay variability for the ELISA from DRG International Inc. was 2.6%, and the inter-assay variability for the ELISA from DRG International Inc. was 4.1%.
Statistics
All values are expressed as mean ± SEM. All graphs were generated using GraphPad Prism Software. Data were analyzed using the 2-tailed Student's t test, 1-way ANOVA, or 2-way ANOVA. P values of less than 0.05 were considered significant.
Study approval
Animals. All animal experiments were approved by the Subcommittee on Research Animal Care of the Massachusetts General Hospital. Human serum samples. The Institutional Review Boards at the Massachusetts General Hospital (protocol 2015P001205) and New York University Langone Medical Center (protocol i15-0078) approved the studies performed on discarded anonymized human serum samples.
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